Many maritime countries in Europe have implemented marine environmental monitoring programmes which include the measurement of chemical contaminants and related biological effects. How best to integrate data obtained in these two types of monitoring into meaningful assessments has been the subject of recent efforts by the International Council for Exploration of the Sea (ICES) Expert Groups. Work within these groups has concentrated on defining a core set of chemical and biological endpoints that can be used across maritime areas, defining confounding factors, supporting parameters and protocols for measurement. The framework comprised markers for concentrations of, exposure to and effects from, contaminants. Most importantly, assessment criteria for biological effect measurements have been set and the framework suggests how these measurements can be used in an integrated manner alongside contaminant measurements in biota, sediments and potentially water. Output from this process resulted in OSPAR Commission (www.ospar.org) guidelines that were adopted in 2012 on a trial basis for a period of 3 years. The developed assessment framework can furthermore provide a suitable approach for the assessment of Good Environmental Status (GES) for Descriptor 8 of the European Union (EU) Marine Strategy Framework Directive (MSFD).
Introduction
Our seas and oceans are dynamic and variable. They represent a fundamental component of global ecosystems and, as such, we need to be able to assess the health status of the marine environment. Furthermore, we need to be able to detect anthropogenic induced changes in seas and oceans and to identify the reasons for these changes. It is only through such understanding that we can advise on necessary and appropriate remedial responses, such as regulatory action, as well as report on any improvements resulting from management measures. There is a need to express clearly what is meant by the "health" of the marine environment, and for that purpose, we require M A N U S C R I P T
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Convention
1 and the Black Sea Commission) which aim to protect the marine environment are 150 required to support the implementation of the MSFD since the Directive requires that, in developing 151 their marine strategies, Member States use existing regional cooperation structures to co-ordinate 152 among themselves and to make every effort to coordinate their actions with those of third countries 153 in the same region or sub-region. The programmes of the various Regional Sea Conventions, 154
including OSPAR, provide a valuable source of data for the assessments that have been completed 155 so far and will be required in the future. The MSFD specifies that GES will be assessed against 11 156 qualitative descriptors. The Commission Decision (2010 / 477 / EU) further described three criteria 157 to be used in assessing GES for Descriptor 8 (Concentrations of contaminants are at levels not giving 158 rise to pollution effects): contaminant concentrations (8.1), biological effects of chronic exposure 159 allowing, in some cases, the identification of the substance/group of substances contributing to the 175 observed effects. By bringing together these monitoring (and assessment) disciplines that have 176 tended to be conducted separately, an integrated assessment can improve our ability to describe 177 the reasons for areas with decreased or poor environmental status detected during monitoring 178 programmes. The economic benefit of an integrated approach comes from the fact that the samples 179 and data are gathered during the same surveys and that the data can be directly compared/used 180 with holistic assessment tools to provide truly integrated (with respect to contaminant 181 concentrations and their effects) assessments. 182
Fundamental aspects of the design of an integrated monitoring programme include key 183 environmental matrices (water, sediment and biota), the selection of appropriate combinations of 184 biological effects and chemicals to be measured, and the design of sampling programmes to allow 185 the chemical concentrations, the biological effects data, and other supporting parameters to be 186 combined to provide a more robust assessment of the impact of contaminants on the marine 187 environment. 188
Chemical analyses in the different environmental matrices to be included in an integrated 189 programme should cover the priority hazardous substances or chemicals listed by European 190 legislation and Regional Sea Conventions. Analytical methods (including the sampling frequency and 191 spatial distribution) should be sufficiently sensitive to detect variation in environmental quality and 192 should be supported by appropriate quality management. Biological effects methods to be included 193 in an integrated programme to assess the impact of contaminants on the marine environment 194 require the following characteristics (ICES, 2007; adapted):M A N U S C R I P T
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• the ability to separate contaminant-related effects from influences caused by other 196 factors (e.g. natural variability, food availability); 197
• sensitivity to a specific contaminant or group of contaminants (i.e. providing "early 198
warning" of an impact through the identification of an effect); 199
• a broad enough suite of methods that ensures coverage of a range of mechanisms of toxic 200 action (e.g. oestrogenicity / androgenicity, neurotoxicity, carcinogenicity, genotoxicity, 201 and mutagenicity); and 202
• the inclusion of at least one method that measures the general health status of a test 203 organism (whole-organism response). 204
205
Some matrices/determinands are considered fundamental to the integrated assessment of 206 contaminants and are described as "core methods". Where additional matrices/ determinands have 207 been found to add value to the integrated assessment, these have been described as "additional 208 methods" and are not considered essential. The basic structure of an integrated monitoring and 209 assessment programme is illustrated in Figure 1 . 210
Biological effects measurements and chemical methods have been selected for the biota matrix 211 (separated as fish, mussels and gastropods) using these criteria. In addition, some physiological 212 characteristics of the specific fish and mussel populations are required. For example, in fish 213 gonadosomatic index (GSI), liver somatic index (LSI), and condition factor, as described in supporting 214 technical annexes (see OSPAR, 2013b). Similarly, spawning status in all species is relevant to the 215 biological effect assessment. General designs for integrated monitoring of fish are presented in 216 
A C C E P T E D ACCEPTED MANUSCRIPT
The integration of contaminant and biological effects monitoring, and thereafter assessment, 220 requires a strategy for simultaneous sampling and subsequent analysis. Examples of sampling 221 strategies for the integrated fish and shellfish schemes are shown in Figures S1 and S2. In order to 222 integrate sediment, water chemistry, and associated bioassay components with the fish and bivalve 223 schemes, sediment and water samples should be collected at the same time as fish / bivalve samples 224 and from a site or sites that are representative of the defined station/sampling area. Additional 225 integrated sampling opportunities may arise from trawl/grab contents, for example, gastropods for 226 imposex or benthos, and these should be exploited where possible/practicable. 227
4.
Integrated assessment of contaminants and their effects 228
The need for assessment criteria 229
It is not sufficient simply to coordinate sampling; integration must also involve a combined 230 assessment of the monitored parameters, which must themselves be selected with the assessment 231 aim in mind. Such a combined assessment may involve using environmental and biological 232 parameters as covariates in statistical analyses or they may be used to standardize effect variables 233 (e.g. temperature, seasonal, gender or size/age effects on biomarker responses). Similarly, 234 normalization procedures for the expression of contaminant concentrations in biota and sediment 235 have been established. For example, defined bases (e.g. dry weight or lipid weight) are used for 236 biota analyses, and sediment data is, on occasions, normalized to organic carbon or aluminium to 237 minimize the influence of differences in bulk sediment properties. 238
Ultimately, the purpose of an integrated monitoring programme is to provide the necessary data 239 to facilitate integrated assessments to enable the status of the marine environment in relation to 240 hazardous substances to be described as a contribution to general assessments of the quality status 241 representing concentrations below which unacceptable biological effects were unlikely to occur. 250
In the same way, OSPAR, with assistance from ICES, has more recently developed coherent sets 251 of analogous assessment criteria for biological effects measurements, most of them specifically 252 derived from field data of North Atlantic species in European waters (Table 1) representing levels of response below which unacceptable responses at higher, e.g. organism or 262 population, levels of biological organisation would not be expected) are applicable for some 263 biological effects measurements, and these have been termed "biomarkers of effect". In other 264 cases, the link to higher level effects is less clear, and these measurements have been termed 265 "biomarkers of exposure", in that they indicate that exposure to hazardous substances has occurred. 266 Furthermore, the coherence of assessment criteria across both chemical and biological effects 271 measurements allows these two types of data to be brought together into a single integrated 272 assessment scheme. The "traffic light" presentation is equally applicable to biological effects data 273 and can be used to present data integrated over a range of geographical scales from the single 274 sampling site to the sub-regional scale, as required under the MSFD. The application of this approach 275 is described below. 276 The process is informed initially by the individual assessment of determinands (contaminant 285 concentrations or effect levels) in specific matrices at individual sites against the defined assessment 286 criteria (BAC and EAC). Initial comparisons determine whether the determinand and site 287 combinations are < BAC (blue), between the BAC and EAC (green), or > EAC (red). This summarized 288 indicator of status for each determinand can then be integrated over a number of levels: matrix 289 (sediment, water, fish, mussel, gastropod), site, and region and expressed with varying levels of 290 aggregation to graphically represent the proportion of different types of determinands (or for each 291 determinand, sites within a region) exceeding either level of assessment criteria. 292
Such an approach has several advantages. The integration of data can be simply performed on 293 multiple levels depending on the type of assessment required and the monitoring data available. The 294 M A N U S C R I P T
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representation of the assessment maintains all of the supporting information, and it is easy to 295 identify the causative determinands that may be responsible for exceeding EAC. In addition, any 296 stage of the assessment can be readily unpacked to a previous stage to identify either contaminant 297 or effects measurements of potential concern or sites with a poor outcome in terms of 298 environmental status The inclusion of biological effects data to the system adds considerable value 299 to the interpretation of assessments. Where sufficient effects monitoring data are available, 300 confidence can be gained that contaminants are not (or are) having significant effects even where 301 contaminant monitoring data are lacking. In instances where contaminant concentrations in 302 water/sediment are > EAC, a lack of EAC threshold breach in appropriate effects data can provide 303 some confidence that contaminant concentrations are not giving rise to pollution effects (due, for 304 example, to lack of availability to marine biota). Similarly, the inclusion of effects data in the 305 assessment framework can indicate instances where contaminants are having significant effects on 306 biota, but have not been detected or covered in a contaminant-specific chemical monitoring 307
programme. 308
The multistep assessment framework described in detail below provides an appropriate tool for 309 assessment of environmental monitoring data to determine whether or not "Good Environmental 310
Status" is being achieved for Descriptor 8 of the MSFD. Determinands with EAC or EAC equivalent 311 assessment criteria provide appropriate indicators with quantitative targets. The assessment of 312 contaminant and effects monitoring data against these EAC level assessment criteria provides 313 information both on concentrations of contaminants likely to give rise to effects and the 314 presence/absence of significant effects in marine biota. 315
Owing to the relatively large number of determinands monitored under the integrated 316 approach, it is inappropriate to adopt an approach whereby EAC level failure of a single determinand 317 results in failure of GES for a site or region ("one-out all-out" approach). A more appropriate 318 approach would involve the setting of a threshold (%) of proportion of determinands that should be 319 < EAC to achieve GES. Such an approach would avoid the failure of sites or regions as a result of 320 M A N U S C R I P T
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occasional outlying or erroneous results for particular determinands. The setting of an appropriate 321 threshold for overall regional assessment for MSFD will require consideration and revision in the 322 light of testing the framework described here with real monitoring data. However, an initial 323 threshold of 95% < EAC (to ensure that the vast majority, but not all, of contaminants/effects 324 measurements should be < EAC) is proposed here for the purposes of testing the system. 325
In order to best demonstrate how monitoring data (assessed against BAC and EAC) can be 326 integrated for matrices, sites, and regions, and ultimately provide an assessment that could be 327 useful for determination of GES for Descriptor 8, a worked example following a five-step process is 328 provided in Table 1 and Figure 8 . OSPAR has already developed assessment criteria for contaminant concentration and biological 355 effects data (see Table S1 ). The work described above has resulted in the development of give some stability to assessments, it is important that future revisions of techniques and 388 assessment criteria are harmonized with the MSFD cycle. Currently, the background documents and 389 assessment criteria are available for all biological effect techniques relevant to the ecosystem 390 components for integrated monitoring of contaminants and their effects, apart from benthic fauna 391 and passive samplers. These are important elements of the integrated scheme, and work to prepare 392 background documents and assessment criteria needs to be undertaken as soon as possible. 393
However, it should be noted that our knowledge regarding integrated monitoring and assessment 394 will continue to evolve and new emerging contaminants and new techniques should be added or 395 replace old ones. Law, R., Hanke, G., Angelidis, M., Batty, J., Bignert, A., Dachs, J., Davies, I., Denga, A., Duffek, B., 441
Herut, H., Hylland, K., Lepom, P., Leonards, P., Mehtonen, J., Piha, M., Roose, P., Tronczynski, J., Concentrations are at levels such that they there is an unacceptable risk of chronic effects 573 occurring in marine species, or are greater than EU dietary limits for fish or shellfish but the extent 574 of risks of pollution effects is uncertain. 575
Concentrations of contaminants are at levels where it can be assumed that little or no risks 576 are posed to the environment and its living resources at the population or community level. provide an overall assessment that could be useful for determination of GES for Descriptor 8.
Determinands and their status are provided for illustrative purposes only to show how subsequent integration can be performed.
Step 
Biological effect
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